Figure 1 Average contribution of different agricultural activities to global greenhouse gas emissions from agriculture in the period 1990-2011 (FAOSTAT, 2015)
Organic agriculture is defined by the International Federation of Organic Agriculture Movements (IFOAM, 2008) as a "production system that sustains the health of soils, ecosystems and people". This definition also emphasises its reliance on ecological processes, biodiversity and natural cycles. Four key principles guide organic agricultural practices: health, ecology, fairness and care. Integration of arable crops and animal husbandry into organic farming systems, also referred to as "integrated organic farming" (Panda, 2013) , can provide a number of benefits: it fosters internal recycling of nutrients; external inputs are reduced; and it can build self-sufficiency of the farm by reducing purchases of animal feed and concentrates (Peyrauda et al., 2014) . It has also been suggested that integrated organic farming systems could help reduce GHG emissions from agriculture (Niggli et al., 2008) .
However, studies considering GHG emissions from integrated organic systems are scarce, with most focusing on a single organic produce rather than a farm as an integrated system (for a review see e.g. Roy et al., 2009 and Meier et al., 2015) . An exception is a life cycle assessment (LCA) study by Cooper et al. (2011) , which considered an eight-year crop rotation cycle to estimate GHG emissions from an integrated organic system producing crops and livestock. However, the emissions were expressed per hectare rather than at the systems or product level. Marton et al. (2016) also assessed GHG emissions of an organic crop-livestock system, but without considering crop rotation and expressing the emissions only at the farm level. Other LCA studies compared GHG emissions of conventional and organic farming in Europe (for a review, see Tuomisto et al., 2012a) , showing that organic farming practices generally have lower impacts on the environment per unit of area compared to conventional farming, but not necessarily per unit of product, because of generally lower yields. Specifically, organic beef, olives and some other crops had lower GHG emissions while those from organic milk, cereals and pork were higher compared to conventional products (Tuomisto et al., 2012a) .
As observed by Nemecek et al. (2011) , most LCA studies have investigated only the average differences between the farming systems, despite a large variation in environmental impacts within each farm. One reason for the variation in the impacts, particularly from integrated farming systems, is the rotation cycle. This aspect has so far received little attention in the literature so that there is scant information on how different rotation cycles and their duration affect the environmental impacts from farming. Tidaker et al. (2014) also note this in their more recent study, recommending that crop sequences rather than single crops be considered when evaluating the impacts of farming systems. 3
In a given rotation cycle, the previous crop affects the crop that follows because the crop sequence has an effect on the nutrients' turn-over and soil organic and mineral status. For example, crop residues remaining on the field or the introduction of green manure crops or catch crops in the crop rotation can have a major impact on the subsequent crop and on the crop rotation as a whole by affecting the soil properties and fertility and, consequently, the achievable yield (Nemecek et al., 2015; Brankatschk and Finkbeiner, 2015; Peter et al., 2017) . These aspects are particular important in organic agricultural systems which rely to a high degree on recycling of nutrients and using crop residues or green manure crops as a means to fertilise the crops and maintain soil fertility. This constitutes a challenge when using LCA for analysing GHG emissions associated with organic crops, since the crops and their respective yields in an organic crop rotation system are often interlinked through fertility-building (e.g. legumes and beans) and fertility-exploiting crops (e.g. wheat and barley) (Knudsen et al., 2014) . Neglecting nutrient shifts from one crop to the subsequent crop leads to free-rider situations for crops that consume nutrients left by the preceding crops (Brankatschk and Finkbeiner, 2015) . LCA studies assessing only one crop have a limited ability to include these effects, thus under-or over-estimating the impacts (Tidaker et al., 2014) .
In current LCA of agricultural products, most crop-rotation effects are not properly addressed due to methodological challenges (Brankatschk and Finkbeiner, 2015) . A number of approaches have been suggested to include crop rotation effects in LCA but so far there is no agreement on how to include the effects of crop rotation in assessing the environmental impacts of a particular crop. Audsley et al. (1997) and Van Zeijts et al. (1999) proposed allocating the burden associated with the application of organic matter according to the land-use share of each crop in the rotation. Knudsen et al. (2014) suggested dividing the environmental burdens and benefits from the catch crops and green manure equally among all crops in the crop rotation cycle over a given area. Use of nitrogen (N) mineralisation rates and N uptake have been suggested for allocating the environmental burdens of manure, catch crops (Knudsen et al., 2012 , Tuomisto et al., 2012b and compost (Martínez-Blanco et al., 2014) . In some studies, the burdens of crop residues are allocated to the subsequent crop (Styles et al., 2015) or a by giving a credit for the nutrients to the current crop if a reduced fertiliser dose is recommended for the subsequent crop (Nemecek et al., 2011) . Brankatschk and Finkbeiner (2015) recommend using outputbased allocation approach to model crop-rotation effects in LCA. The authors suggest using the cerealunit allocation approach, which is a bio-physical allocation method based on the nutritional value of agricultural products to animals (Brankatschk and Finkbeiner, 2014) .
In an attempt to address some of the gaps discussed above and improve knowledge about integrated organic farming and its impact on climate change, this paper considers a fully integrated organic farming system based in the UK. The aim of the study is to estimate life cycle GHG emissions associated with the production of arable crops, livestock and related products. LCA has been used as a tool for this purpose.
To ensure that the variations in the emissions with crop rotation over time are taken into account, a seven-year rotation cycle is considered and the results are estimated at both the systems and product levels. The study also highlights various methodological challenges in conducting LCA of such complex systems.
Methodology
The study has been carried out following the LCA methodological guidelines in the ISO 14040 and 14044 (ISO, 2006a; ISO, 2006b ) and PAS 2050 (BSI, 2011 standards. The following sections detail the goal of the study, data and the assumptions.
2.1 Goal and scope of the study The goal of the study is to estimate GHG emissions and the related global warming potential (GWP) associated with agricultural production of arable crops, livestock and their products in an integrated organic farming system. The study also aims to identify the main GWP 'hotspots' and opportunities for improvements, following the key principles of integrated organic farming.
The scope of the study is from 'cradle to farm gate'. The functional unit is defined as 'operation of the farm over a seven-year rotation period'. The activities carried out by the farm and considered in the study are described in the next section.
2.2 System definition
The integrated organic farming system considered in this study is a large integrated organic farm in the UK. An overview of the farm is provided below.
Overview of the farm
The farm is located in the South West of England and occupies 800 hectares (8 km   2 ) of land. It has been dedicated to organic agriculture for over 30 years, producing arable crops, silage, straw, livestock, meat, milk and wool. The main arable crops are wheat, oats, barley, beans and rye. The livestock comprises a dairy herd of Ayrshire cows, a beef herd of Aberdeen Angus suckler cows and a sheep flock of Lleyn and Lleyn Cross ewes and rams. The farm also raises rare-breed Tamworth/Large black pigs. The products considered in the study over are given in Table 1 . The majority of the land is cultivated on a seven-year organic rotation cycle. A typical seven-year rotation cycle consists of three years of clover leys (the main source of nitrogen), followed in year 4 by winter wheat, then by spring oats in year 5, spring beans and barley in year 6 and finally by rye in year 7. Composted farmyard manure (FYM) from the dairy and beef cattle is spread on fields during the ley years, adding organic matter and nutrients. Catch and cover crops (turnips, brassicas, and mustard) are sown after harvesting to keep the soil covered, reduce soil and nutrient loss and provide forage.
Field operations vary according to the stage in the rotation cycle and the weather/state of the soil. In the first year of leys, a field would typically have the following operations: shallow cultivation and rolling, grass seed planting, manure spreading and then two to three silage cuts. Subsequent years see further manure applications and silage cuts. For the arable phase, the fields are ploughed, pressed, then harrowed and drilled with a combi-planter, harrow-combed (weeded), harvested with a power combine, then weeded again and cover crops planted. Crops are dried using a diesel grain dryer with electric fan.
Following the principles of organic agriculture, the farm aims to minimise inputs and the cattle, when inside, are fed a home-grown forage and straw-based diet. The dairy cattle diet is also supplemented by cereals -from the farm where possible or else purchased in. Artificial pesticides and fertilisers are prohibited. Lime is applied to fields as necessary to balance the soil acidity and trace elements are added if needed. About 120 hectares of permanent pasture are used for grazing, silage production and to increase biodiversity. Hedgerows and field margins are maintained as barriers to pests and a natural habitat to predators.
System boundaries
As shown in Figure 2 , the following is included within the system boundaries:  production of farm inputs and transport to the farm (where relevant);  manufacture and maintenance of farm machinery and milking parlour equipment;  production of mineral supplements for the livestock and mineral fertilisers;  cultivation, harvesting, grain drying and storage of harvested crops;  plastic film for silage bales;  animal husbandry and slaughter house activities;  milking parlour operations; and  on-farm manure management.
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Operation of offices and staff accommodation are excluded from the system boundaries. In accordance with PAS 2050 (BSI, 2011) , land use change and soil carbon sequestration are also excluded: the former is not relevant as the land has been used for agriculture for more than 20 years and changes in soil carbon (while they could be significant) are outside the scope of the study.
Inventory data
Primary data have been obtained from the farm. The secondary (background) data have been sourced from IPCC (2006 ), CCaLC (2013 , DEFRA (2014a) and . The data sources are summarised in Table 2 with further details provided in the subsequent sections.
Land use
Three main types of land use are defined: grass leys, arable land and grazing pastures. The rotation sequence for the arable crops over the period of the study was discussed in section 2.2.1. All the cattle graze outdoors for six months (May to October) and are housed for the rest of the year. Sheep and pigs, on the other hand, stay outdoors all year round. Pigs are allocated an exclusive area in the farm, whereas sheep and cattle use the same fields (at different times) for grazing. Figure 3 shows the distribution of different resources within the farm. The grassland plots provide grazing animals with fodder, while animals deposit manure (excreta) in return. The FYM deposited during the housing period is collected, composted and applied as organic fertiliser to arable plots as well as 6 grassland. This is supplemented by dairy cattle slurry and washings from the milking parlour and barns which are collected throughout the year.
Distribution of resources within the farm
The straw obtained as a co-product of cereal cultivation is mainly used as bedding for the dairy and beef cattle as well as for the pigs, which is subsequently composted with FYM. Silage, produced at the farm from chopped grass cuttings, is fed to the dairy and beef cattle during the in-house periods, supplemented by cereal production saved from a previous harvest. Silage is wilted in the field but not otherwise dried before being baled and wrapped in polyethylene film. The cereal crops are largely produced for sale; however, small amounts are kept for seeds for the following year's crop and are also used to prepare mixed feed concentrate for cows-in-milk.
Pigs are fed exclusively with feed concentrate and minerals bought into the farm. The home-grown diet for sheep and the cattle (dairy and beef) is also supplemented with minor quantities of minerals and feed concentrate.
The milk produced by the dairy cattle is largely sold to a processor for bottling and distribution. The average milk yield of dairy cows is 5965 litres per year per cow. Internal consumption of milk is distributed between calves from the dairy herd (up to 12% of the volume produced, depending on the number of calves) and the farm personnel (up to 2.5%). Calves are fed milk only for a minimum of three months before being introduced to forage and grazing. The male young stock from the dairy cattle herd are transferred to the beef cattle herd after their first year of life. Table 3 . This information has been used to model the annual cultivation activities on each field. However, the sequence of planting the crops within the rotation cycle is not followed strictly in all plots -the study considers the actual rotation cycles for each plot over a sevenyear period.
Sheep and cattle graze in the fields in-between the cropping periods of the rotation cycle. The livestock assist in fertilising the soil by direct deposition of manure and are an integral part of grassland management by reducing excess vegetation and increasing tillering. Mustard, forage rape and stubble turnips are planted as cover crops in-between major crops. The crops are rain-fed, so there is no irrigation. The straw from the cereals (wheat, barley, oats and rye) is baled for storage before being used for bedding and cattle feed. In some years in the rotation cycle, a portion of the harvested grains is used as seeds for the next crop as shown in Table 4 . Home-grown seeds, however, are not sufficient in most cases and are supplemented with seeds purchased locally, as also indicated in the table.
2.3.3.2 Field operations and crop production The farm operations that take place over the rotation cycle are summarised in Table S1 in Supplementary Information (SI), together with the total land area covered and the amount of diesel consumed by the farm machinery for different activities. Primary data for diesel consumption have been sourced from the farm and supplemented by data from the literature. However, the values reported in the literature vary significantly, depending on the efficiency of machinery, field topography and soil characteristics. Taking a conservative approach, the highest values for diesel consumption have been assumed in this study.
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However, to reflect the actual annual diesel purchases by the farm, correction factors have been applied to the theoretical diesel consumption values given in Table S1 . The correction factors vary for each year, as indicated in Table S2 in SI. In all cases, the actual diesel consumption at the farm was lower than the initial estimates calculated using the values reported in the literature (see Table S1 in SI). The amounts of crops produced over the rotation cycle are summarised in Table 5. 2.3.3.3 GHG emissions Both direct and indirect N 2 O are considered, including emissions from the application of organic fertilisers, from cover crops and crop residues as well as from nitrate leaching. The main source of CO 2 emissions is diesel used in farm machinery; the emission factors for the extraction, refining and combustion of diesel have been taken from DEFRA (2014a). CO 2 emissions due to occasional application of lime to correct the soil pH are also considered and have been calculated using the IPCC Tier 2 characterisation factors (IPCC, 2006) . a The values in brackets represent the percentage of home-grown seeds with the rest being purchased in. b Forage crops are mainly produced from clover (red and white) and ryegrass, and they are used as fodder and for silage. 
Sheep and lamb husbandry unit
A sheep flock of 500 Lleyn and Lleyn Cross ewes and rams is reared at the farm. During the lambing season, the flock size roughly doubles (see Figure S1 in SI). The land occupied for grazing by the sheep and the forage have been allocated on the basis of the number of livestock units, using the allocation factors discussed in section 2.3.10.2. Ewes are fed a supplementary feed concentrate with the ration ranging between 0.01 and 0.04 kg per head per day. The composition of the feed concentrate has been assumed at 15% crude protein, 10.5% crude fibre and 4% oil (The Organic Feed Company, 2011) and is given in Table S3 in SI. Ewes are also fed mineral supplements, but their contribution to the overall GHG emissions is deemed negligible, assuming a concentration of 50 mg of active compounds per litre of supplement (as per manufacturers' specification). Water required for sheep rearing (Swistock, 2009 ) and the quantity of nitrogen excreted in sheep manure (DEFRA, 2009a) are detailed in Table 6 .
The sheep rearing unit has three main outputs: live sheep, lamb meat and wool. Ewes are shorn once a year, assumed to produce 3 kg of wool each . The total weight of live lambs has been 9 calculated based on the number of lambs sold plus any change in the stock and the average liveweight per lamb (20 kg); for details, see Table S4 in Supplementary Information. The amount of lamb meat has been estimated using a killing-out percentage (carcass weight as percentage of its liveweight) of 45% . The annual and total amounts of different products from this unit are summarised in Table 7 . (Hanks and Kossaibati, 2013) 
Pig husbandry unit
The size of the pigs herd ranges between 30 and 80 heads over the rotation cycle (see Figure S2 in SI). As indicated in Table 8 , pigs are classified into five groups: sows, boars, piglets in lactation, weaners and growers. The table also details the amount of water, feed concentrate and bedding required for pig rearing as well as the excretion of nitrogen. These have been calculated on the basis of the number of pigs, age and weight, also shown in the table.
The composition of the concentrate fed to sows, boars and piglets is given in Table S5 in Supplementary Information. Note that organic agricultural practices require that organic livestock should be fed organic feed concentrate . Exceptions are made in the case of unavailability of organic feed, allowing for feed coming from 'in-conversion' holding or non-organic sources. GHG emissions from the organic feed concentrate have been modelled using data from the Ecoinvent (2010) and CCaLC (2013) databases.
The outputs from the pigs rearing unit are assumed to be grower piglets, with a finishing weight of 35 kg. The total weight of live pigs has been calculated based on the number of grower piglets sold plus any change in the stock and their respective liveweight (as detailed in Table S6 in SI). The total amount of pig meat produced by the farm has been estimated based on a killing-out percentage of 72% . The annual and total amounts of pig meat can be found in Table 7 .
Beef cattle husbandry unit
A beef herd of 80 to 140 Aberdeen Angus suckler cows and 200 to 300 young stock are reared at the farm. The herd is classified into five groups: cows, bulls, young stock younger than one year, young stock between one and two years old and young stock older than two years. As mentioned before, the herd is housed indoors during the winter months and for the rest of the year it grazes outdoors. Different groups of cattle graze different plots as well as some of the arable land during the fallow period in-between crops. These movements are complex and it was not feasible to allocate each plot to different groups of cattle over the rotation cycle. Instead, the land classified as 'pasture' has been allocated to the herd on the basis of the number of livestock units. Table 9 details the inputs required for beef cattle rearing and manure they generate (as nitrogen excretion), calculated on the basis of their number, age and weight. The cows-in-milk are fed a concentrate with the composition given in Table S7 in SI.
As for the other livestock, the total weight of beef cattle has been estimated based on the number of animals sold plus any change in the stock and their respective liveweight (Table S8 in SI). The total amount of beef meat produced by the farm has been estimated assuming a killing-out percentage of 55% . The annual and total amounts of beef are detailed in Table 7 . 
Dairy cattle husbandry unit
A dairy herd of between 150 and 180 Ayrshire cows and 70 to 95 young stock are reared at the farm. The herd is classified into six groups: cows-in-milk, dry cows, barren cows, calves younger than one year, heifers between one and two years old and heifers older than two years (see Table S9 in SI). The farm has a year round calving pattern. However, there are more cows in calving in September to February and less at other times. Like the beef cattle, the dairy herd also stays indoors during the winter and outdoors in the summer. They also graze various land plots so that the land classified as 'pasture' has been allocated to the herd on the basis of the number of livestock units, in the same way as for the beef cattle.
The inventory data are summarised in Table 9 . The water and feed consumption have been calculated on the basis of the cattle number, age and weight. In addition to these, the milking parlour requires 30 l of water per cow per day for cleaning and 0.12 kWh of electricity per litre of milk. The cows-in-milk are given the same feed concentrate as the beef cattle (see Table S7 in SI).
The outputs from the dairy cattle unit are milk, dairy stock, spent cows and young stock (one-year old). The male young animals and the surplus female young stock are transferred to the beef cattle unit and accounted for in that unit. The annual and total amounts of the outputs from the dairy unit are listed in Table 7 and Table S9 in the SI.
Slaughterhouse
For the slaughterhouse, the slaughtering process, cooling, washing and cleaning operations have been considered. As shown in Table 10 , the data for energy, water and wastewater have been obtained from Blonk Agri-footprint BV (2015), while the detergent quantities have been sourced from EC (2005). Slaughterhouse by-products include hide, blood, fat and bones. Given that these by-products are of low value and require further processing in tanneries and rendering plants, all impacts have been allocated to meat. 
GHG emissions from enteric fermentation and manure
The estimates of enteric and manure emissions of GHG are based on the age and weight of animals for each type of the herd reared at the farm. They have been calculated using the IPCC Tier 1 factors for sheep and pigs and Tier 2 factors for dairy and beef cattle (IPCC, 2006) , in accordance with PAS 2050 (BSI, 2011). The direct and indirect emissions of methane and N 2 O from manure deposition have been calculated for the annual average temperature for the UK's South West region of below 15 °C. The emissions arising from the excreta deposited on the soil while grazing have been allocated entirely to the animals. The emissions arising from dairy and beef cattle manure management (as compost) during the indoors period have been allocated to the animals, whereas the emissions resulting from the application of compost as organic fertiliser have been allocated to the crops. Allocation is discussed in more detail below.
Allocation
The farm is a complex integrated system, whereby land and other resources are shared by and transferred between different activities. Furthermore, several units within the system produce co-products. Consequently, allocation of resources and GHG emissions among different farm activities and coproducts is necessary. Following the ISO 14044 standard (ISO, 2006b), the inputs and emissions were first subdivided where possible and then the remainder was allocated on a biophysical basis as recommended in various guidelines (e.g. Audsley et al., 1997; IDF, 2015; FAO, 2016a,b) . A number of biophysical approaches have been suggested for agricultural systems, such as nutrient requirements of crops (Martínez-Blanco et al., 2014; FAO, 2016b) , nutrient uptake of crops (Tuomisto et al., 2012b) , nitrogen mineralisation rate (FAO, 2016b , Martínez-Blanco et al., 2014 Knudsen et al., 2012) , 12 physiological feed requirements of animals (FAO, 2016a; IDF, 2015) , protein content (Wiedemann et al., 2015) , metabolisable energy content (Brankatschk and Finkbeiner, 2014) , etc. The allocation approaches used in this study are summarised in Table 11 and the rationale behind is discussed in the following sections. 2.3.10.1 Allocation of N 2 O emissions from organic fertilisers during the rotation cycle In a farm following organic agricultural practices, nitrogen fixing by legumes is the primary source of nitrogen fertiliser and the application of manure produced by the farm's livestock serves the purpose of internal nutrient recycling. Nitrogen is present in organic fertilisers in two main forms: organic and inorganic. Inorganic N is readily available to plants in the forms in which it commonly occurs (mostly ammonium and nitrate), while organic N is mineralised slowly over a period of months to years, through the action of soil microbes, to become potentially available for crop uptake (DEFRA, 2010) . Therefore, the allocation of N 2 O emissions from cattle slurry and FYM has been carried out based on the nitrogen availability to plants (based on mineralisation rate) over the seven-year rotation cycle. The basis for the allocation for each crop is as follows: firstly plant available nitrogen (PAN) in each year is estimated using data for composition of organic and inorganic nitrogen in slurry and FYM (DEFRA, 2010) and annual mineralisation rates for organic nitrogen over the rotation period (Sullivan, 2008) . The allocation factors for each year have been calculated by dividing PAN in each year with total PAN over the seven-year rotation period as detailed in Table 12 . Each application of organic fertiliser in a given plot of land is considered as the start of the allocation cycle. However, considering that crop in years 1-6 would benefit from the fertiliser applied in the previous rotation, while the fertiliser applied in years 2-7 would benefit the crops in the next rotation, these effects have been accounted within this rotation assuming similar application of organic fertilisers in the previous rotation. Therefore, in any given year, the total N 2 O emissions associated with a given plot of land represent the sum of the emissions allocated over the seven years. Since most of the PAN from crop residue and cover crops is released in the first year (Sullivan and Andrews, 2012; Lynch et al., 2016) , all N 2 O emissions from crop residues and cover crops have been allocated to the next crop. Alternative methods to allocate N 2 O emissions are considered in the sensitivity analysis (see section 3.7). Before the allocation is applied, it is necessary to consider the losses of nitrogen as ammonia (by volatilisation) which in turn vary depending on the manure management system. For slurry and FYM from dairy cattle, the loss factor is 40% (IPCC, 2006) . The total amount of nitrogen (N) applied to a given plot of land has been calculated as follows: 2.3.10.2 Allocation of grazing land and forage to livestock Table 13 details how the farm management allocates the forage cultivated at the farm to the livestock on the basis of total livestock units. The allocation criteria based on livestock units have been used to allocate the GHG emissions from forage cultivation to the cattle and sheep. As mentioned earlier, pigs are fed exclusively with feed concentrate and hence allocation is not applicable. a Livestock unit factor is a ratio based on the feed requirements of each type of animal at the farm relative to a dairy cow, which is assigned a factor of 1. 2.3.10.3 Allocation of GHG emissions between co-products Allocation of GHG emissions between the co-products obtained from the various units at the farm (cereals and straw; milk, dairy young stock and dairy stock culls; lamb meat, sheep stock and wool) has been carried out on a biophysical basis. Other allocation approaches based on mass and economic are considered as part of the sensitivity analysis. Table 14 specifies the biophysical allocation factors for the cereals and straw applied in each year over the rotation cycle, based on the metabolisable energy of cereals and straw as suggested by Brankatschk and Finkbeiner (2014) . The metabolisable energy of cereals and straw have been obtained from AHDB (2017).
The outputs of the dairy unit are milk, dairy stock culls, beef and the male young stock transferred to the beef cattle unit. The GHG emissions have been allocated using the biophysical approach as recommended by FAO (2016) and IDF (2015) . This approach reflects the causal relationship between the energy content in the feed and the physiological requirements to produce milk and beef. The following equation from IDF (2015) has been used to calculate the allocation factor for milk and meat:
Allocation factor for milk = 1 -6.04 x BMR where BMR is the ratio of liveweight of stock sold or transferred annually to the beef unit to the mass of fat and protein corrected milk (FPCM) produced per year.
Allocation of GHG emissions from the sheep unit is more complex as wool production is mainly determined by requirements for protein, rather than energy, which in turn is a key determinant for milk production. Here, co-production of wool and liveweight (for meat) has been modelled following Wiedemann et al. (2015) using the protein mass allocation (PMA) method. The protein content in sheep and lamb liveweight has been assumed at 18% and in greasy wool at 70% (Wiedemann et al., 2015) . Allocation is not necessary for beef cattle as beef is the only product from this unit.
Furthermore, all the GHG emissions from the generation and management of manure have been allocated to the management of beef and dairy cattle. This means that manure, used as fertiliser, has a zero GHG emissions for crops; however, the emissions from its application to land are allocated to the crops as detailed in section 2.3.8.
Results and discussion
Global warming potential estimated for the whole farm over the rotation period is summarised in Figure 4 . As indicated in the figure, the annual impact varies from 1816 to 2372 t CO 2 e, with an average value of 2118 t CO 2 e/yr. Dairy and beef cattle units are the main contributors, causing 45% and 39% of the impact, respectively. This is mainly due to CH 4 emissions from enteric fermentation and N 2 O emissions from the excreta deposition. Crop cultivation is the third most significant contributor with 10%, while the contributions of sheep and pigs are relatively small (6% and <1%, respectively). The GWP of different farm activities and products is discussed in the following sections.
3.1 Crop cultivation GWP arising from the cultivation of crops over the rotation period is shown in Figure 5 ; further details can be found in Tables S10 in SI. The results in Figure 5 suggest that rye has the lowest average GWP over the rotation cycle (157 g CO 2 e/kg) and beans the highest (692 g CO 2 e/kg). The impact from barley and oats is similar, estimated at 350 and 369 g CO 2 e/kg, respectively, followed by wheat at 232 g CO 2 e/kg. Silage emits 166 g CO 2 e/kg and straw 128 g CO 2 e/kg.
As can also be seen in Figure 5 , there is a wide annual variation in the impact for each crop. For example, the GWP of wheat ranges from 183 g CO 2 e/kg in year 2 to 392 g CO 2 e/kg in year 7. The variation is even greater for beans: from 525 g CO 2 e/kg in year 4 to 1567 g CO 2 e/kg in year 6. There are several reasons for these variations, including different amounts of crops planted, the size of the plots used and the related annual production (see Table 5 ). Furthermore, the yield of beans varied widely, from 0.7 to 2.5 t/ha during the seven-year period. It is also possible that in some seasons the crop was partly ploughed in or not fully harvested. Moreover, compared to the cereals, beans were cultivated on the smallest area throughout the rotation (see Table S11 in SI). Finally, the sequence of planting the crops within the rotation cycle is not necessarily followed in all plots and, in some cases, the same crop was grown for two or three consecutive years in the same plot. Therefore, these results illustrate the importance of considering full rotation cycles for more accurate estimations of GHG emissions of crops (and other agricultural products, as discussed further below). Table S10 by the total amount of crops produced annually and over the full rotation period (Table 5) , respectively. GWP for straw represents the average for all cereals.]
The contribution analysis in Figure 6 and Figure S3 in SI indicates that the largest contributors to GWP of crops are N 2 O emissions from manure application to the land and the arable operations (diesel used in the farm machinery and grain drying). As mentioned earlier, no GHG emissions are associated with the production of manure because they have been allocated to the rearing of livestock. The contribution of liming and the related CO 2 emissions is also relevant for some crops, in particular for oats and silage, but only in some years as liming is not carried out on an annual basis (see Figure S3 ). In the case of beans, the contribution of seeds to GHG emissions is significant. This is due to the higher GHG emission factor for bean seeds and a relatively higher amount of seeds used per hectare compared to other crops. For grains, the contribution of machinery varies from 8% (oat) to 15% (wheat). 
Figure 6 Contribution of different farming operations to global warming potential of arable crops
[The results refer to the seven-year rotation cycle. Arable operations: GHG emissions from production and use of diesel by farm machinery and for drying of seeds after harvest. Manure application: direct and indirect N2O emissions from use of FYM and slurry. Liming: CO2 emissions from application of lime to land. Other nutrients: manufacture and transport of lime and trace minerals. Seeds: cultivation and transport of seeds.]
Figure 7 Global warming potential (GWP) of sheep (including lambs), lamb meat and wool over the rotation cycle
[GWP for each product obtained by dividing the GWP values in Table S12 by the total amount of products produced annually and over the full rotation period (Table 7) , respectively.]
3.2 Sheep and lamb husbandry unit GHG emissions associated with the sheep and lamb husbandry unit are summarised in Figure 7 . GWP per kg of liveweight sheep (including lambs) ranges from 5.3-7.9 kg CO 2 e, averaging 6.3 kg CO 2 e over the rotation cycle. Per kg of lamb meat (carcass), the emissions vary from 12-17.8 kg CO 2 e, with an overall average of 14.2 kg CO 2 e. The main reason for the variation is the difference in the number of lambs reared per ewe each year. The GWP of wool ranges from 20.8-30.9 kg CO 2 e/kg, averaging 2.4.6 kg CO 2 e/kg over the rotation cycle.
CH 4 emissions from enteric fermentation and excreta deposition on land account on average for 73% of the total GWP from this unit, followed by the emissions of N 2 O from excreta (19%). The contributions of grazing and feed concentrate are small (6% and 2%, respectively) and that of water is negligible. Figure 8 , the average GWP over the rotation cycle is estimated at 4.8 kg CO 2 e per kg of liveweight pigs and 6.7 kg CO 2 eq. per kg of pork carcass meat. Similar to the other farm units, a wide annual variation in the emissions associated with pig rearing can be seen, from 3.9 kg CO 2 e/kg liveweight in year 1 to 6 kg CO 2 e in year 5. In a similar manner, the impact per kg of pig meat varies from 5.6-8.5 kg CO 2 e. The main reason for this is the annual variation in the number of piglets (see Table S5 in SI).
Two main contributors to the GWP from the pig husbandry unit are the feed concentrate (53%) and N 2 O emissions from excreta deposition (27%). Methane emissions from enteric fermentation and manure are responsible for 10% of the total GHG emissions, while the bedding accounts for 9%.
Beef cattle husbandry unit
The GHG emissions associated with the beef cattle, shown in Figure 9 , range from 8.6-10.3 kg CO 2 e/kg liveweight and 15.8-18.9 CO 2 e/kg beef (carcass), with an average of 9.7 and 17.7 kg CO 2 e/kg, respectively. The variation is due to the annual variation in the GWP of silage and feed crops as well as the variation in the number of calves reared. CH 4 emissions are the largest contributor to the GWP, with ~40% during winter (indoors period) and ~50% over the summer months (outdoors). This is followed by N 2 O emissions in summer (~30%) and silage consumption during winter (~25%). The contribution of milk fed to calves varies over the year from 3% to 11%, reflecting the number of calves in the herd and the calving periods. The grazing land causes up to 7% of the impact during summer.
Figure 8 Global warming potential (GWP) of live pigs and pig meat over the rotation cycle
GWP for each product obtained by dividing the GWP values in Table S12 by the total amount of products produced annually and over the full rotation period (Table 7) , respectively.]
Figure 9 Global warming potential (GWP) of live cattle and beef meat over the rotation cycle
[GWP for each product obtained by dividing the GWP values in Table S12 by the total amount of products produced annually and over the full rotation period (Table 7) , respectively.] Table S12 by the total amount of milk produced annually and over the full rotation period (Table 7) , respectively.]
Dairy cattle unit
The average GWP of milk production is estimated at 1.13 kg CO 2 e/l, or 1.08 kg CO 2 e/kg when corrected for the fat and protein content (Figure 10 ). Per litre of milk, the impact over the period ranges from 1.02 to 1.21 kg CO 2 e. CH 4 emissions and silage contribute most to the impact during winter (~60%); it is also the largest contributor (~40%) in the summer period, together with the N 2 O emissions from excreta. Cows-inmilk have higher CH 4 emissions during spring and summer when they produce the largest volumes of milk, since enteric fermentation depends on the feed intake, which is related to the amount of milk produced.
Comparison of results with other studies
The GWP estimated in this study is compared in Table 15 to the values found in the literature for organic products. As can be observed, the results in the literature vary widely due to numerous factors, such as different methodologies, allocation, geographical regions, farming practices, etc. Nevertheless, the findings from this study fall broadly within the reported ranges. The best agreement is found for spring barley, silage, pigs and pig meat, beef and milk. The values for the liveweight sheep, lamb meat and cattle are somewhat lower than in the literature while those for the spring beans are closer to the top end of the range reported in other studies. The allocation method is the main reason for the differences in the impact for sheep and lamb meat. In the reported studies, economic allocation was applied to allocate the impact between wool and meat, with only 2% allocated to the wool, while the biophysical allocation method used here allocates about 20% to the wool (Table 12 ).
The greatest difference in the results between this study and the literature is observed for winter wheat and rye, which have a much lower impact here; however, the ranges for winter and spring wheat compare well (Table 15) . No GWP values were found in the literature for oats.
Sensitivity analysis
The parameters that could potentially affect the results include allocation of N and the related emissions of N 2 O over the rotation cycle as well as allocation of GHG emissions among the co-products. Therefore, these two parameters are considered in the sensitivity analysis. In addition to the base case considered so far, five scenarios have been developed for this purpose, with scenarios 1-3 related to the allocation of N and scenarios 4 and 5 to the allocation of GHG emissions among the co-products. Table 16 summarises the assumptions for scenarios 1-3. In Scenario 1, N (and N 2 O emissions) is allocated on the basis of the N requirement of the crops as detailed in a fertiliser manual (DEFRA, 2009b) . In Scenario 2, they are equally allocated among the crops over the seven-year rotation period, while in Scenario 3 they are fully allocated to the crop applied and none to the any other crops later in the cycle. The remaining two scenarios consider allocation of GHG emissions among the co-products using a mass basis (Scenario 4) and economic values (Scenario 5), instead of the biophysical allocation used in the base case (see Table 17 ). The allocation factors used are detailed in S13-14 in SI.
The results of the sensitivity analysis for all five scenarios are shown in Figure 11 and Figure 12 for crops and animal products, respectively. These are discussed in the next sections. Table 12  1 N requirement of crop Assuming N requirements of crops as per fertiliser manual (see Table S15 in SI) 2 Equally among the crops in rotation over seven years 14.3% each year over 7 years for FYM, slurry, crop residue and cove crops 3 Allocated to the crop applied FYM and slurry: 100% to the crop applied; crop residue and cover crops: 100% to the subsequent crop 
Allocation of N and N 2 O emissions (Scenarios 1-3)
As shown in Figure 11 , the average GWP of the beans decreases by 50% compared to the base case if all nitrogen and the related N 2 O emissions from slurry, manure, cover crops and crop residue are allocated on the basis of crop N requirements (Scenario 1). In this case, there is also a decrease in the average GWP of oats and barley by 10% and 20%, respectively. This in turn leads to a 13% increase in the impact from wheat and 11% from both rye and silage. This is because beans do not need N fertiliser, while oats and barley have lower fertiliser requirements compared to wheat and grass (as detailed in Table S15 in SI). If, on the other hand, N is allocated equally among crops over seven years (Scenario 2), the reduction in the impacts from beans, oat and barley is smaller (3%-13%) compared to the base case. However, the impact from rye goes up by 22% compared to the base case. This is due to rye being the last crop in the rotation cycle (planted in year 7) and having a lower allocation of N in the base case (as detailed in Table 12 ). In Scenario 3, the impact of silage is higher by 8% while that of all other crops is lower by 5%-10%, with the greatest reduction relative to the base case found for the crops planted later in the rotation cycle.
Allocation of N and N 2 O emissions also affects the impact from the livestock and the related products, largely because of the silage and crops used as feed and straw as bedding; thus, the GWP variation pattern is similar to that of silage. However, the effect is less pronounced than for the silage because of the high contribution of CH 4 to the total GWP of sheep and cattle. For milk, beef, lamb and wool, there is an increase of 1%-2% in the GWP in Scenarios 1-3. For pigs, the impact is very slightly lower (0.4%-0.7%) which is due to the straw bedding as they are fed by concentrate rather than by silage.
Therefore, these results highlight the importance of considering N over the rotation cycle and how it affects the interconnected units at a farm. The importance of this has also been pointed out by FAO (2016b). Hence, rather than simplifying the calculation of N 2 O emissions by averaging N inputs over the fields in the rotation, and thus ignoring the complexity ruling the physical transfer of nitrogen from one year to the next, this study has explored a way to address this complexity by considering the farm as a whole system over a full rotation cycle. These findings suggest that there is a need to develop guidelines on how to allocate N (and N 2 O) emissions in crop rotations as these choices have significant effect on the GWP of crops. Figure 12 Effects of co-product allocation on GWP on farm products
Allocation of GHG emissions (Scenarios 4 and 5)
The choice of the allocation method for GHG emissions has a considerable effect on the GWP of wheat, oats, barley, rye and straw ( Figure 12 ). Compared to the base case, the impact for these crops is reduced by up to 30% if mass allocation (Scenario-4) is applied instead of the biophysical. Conversely, the GWP of straw increases significantly (by 60%), because the mass allocation factors for straw are much higher than in biophysical allocation (see Table S13 in SI). On the other hand, the economic allocation factors for straw are lower (Table S14) ; therefore, the GWP of straw is 23% lower in Scenario 5, while the impact of wheat, oats, barley and rye is 8%-17% higher relative to the base case. Beans and silage are not affected because they are not associated with any of the crop co-products.
The choice of the allocation method also has a significant effect on the GWP of lamb, wool and milk. If mass or economic allocation is applied, the GWP of wool is reduced by up to 93% and the impact of milk and lamb increases by up to 15% and 24%, respectively, relative to the base case. Pigs and beef show a relatively lower sensitivity to the allocation of GHG emissions, which are mainly due to the straw used as bedding.
Improvement opportunities
Organic farms with integrated crop-livestock systems, such as the one considered in this work, already incorporate a range of practices aimed at high nutrient recycling and reduction of environmental impacts. This section discusses further opportunities for reducing GHG emissions from organic agriculture, focusing on the hotspots identified in the study: emissions of N 2 O and CH 4 from manure and enteric fermentation as well as CO 2 from combustion of diesel used in farm machinery. The options discussed here are relevant not only to this but to other integrated organic farms.
Emissions of N 2 O from manure and the related GWP can be reduced by intercropping, i.e. growing two or more crop species on the same plot of land (Jensen et al., 2015) . Intercropping enhances the efficiency of nitrogen utilisation by crops, which in turn reduces its losses to the environment as N 2 O. Better utilisation of nitrogen also helps to increase crop yields and reduce land requirements. Furthermore, by growing suitable crops together, intercropping can also aid pest and weed control (Jensen et al., 2015) .
Further reductions in N 2 O emissions from manure can be achieved by reducing excretion of N by livestock. This can be regulated by modifying the composition of the feed. For example, improved types of pig concentrates are available that reduce N excretion, while at the same time having better feed-togrowth conversion rates (Kool et al. 2009 ). Modifying the feed can also be used to reduce CH 4 emissions from enteric fermentation (Leytem and Dugan, 2014; Knapp et al., 2014 (Hietala et al., 2015) .
Emissions of CH 4 from manure can be reduced by treating it, together with crop residues, in anaerobic digestion (AD). The produced digestate can be used to improve nutrient management, particularly as it converts the organically-bound N in the manure to ammonium form, which is more readily available to crops (Tuomisto et al., 2012a) . It also contains residual carbon, phosphorous and trace nutrients. Furthermore, biogas can be used to generate heat or electricity. Previous studies (e.g. Whiting and Azapagic, 2014; Fusi et al., 2016) have shown that utilisation of biogas can lead to significant reductions in GWP and other environmental impacts compared to using fossil fuels. However, care must be taken to minimise ammonia emissions from digestate and the related acidification and eutrophication potentials (Fusi et al., 2016) .
Substituting diesel with biodiesel in farm machinery could also help to reduce GWP from integrated organic systems. For example, using rape methyl ester (RME) can decrease the impact by 72% relative to diesel if RME is produced at the farm from rapeseed cultivated as part of crop rotation (Fredriksson et al., 2006; Hansson et al., 2007) . However, this leads to an increase in acidification (by 30%) and eutrophication (by a factor of five) compared to diesel. If, on the other hand, Fischer-Tropsch diesel produced from straw is used instead, GWP can be reduced by 94% without increasing acidification and eutrophication (Ahlgren et al., 2008) .
Conclusions
This study has estimated GWP associated with cultivation of organic arable crops, livestock and their products at a large integrated organic farm in the UK. A seven-year rotation cycle has been considered, starting with clover leys in the first three years and followed in the consecutive years by wheat, oats, beans and barley, and finally rye. The farm rears pigs, sheep, dairy and beef cattle and produces related meat products, milk and wool.
The findings indicate that GWP varies significantly over the rotation cycle, both for the whole farm and the individual products. For the whole farm, it ranges from 1816 to 2372 t CO 2 e/yr, averaging at 2118 t CO 2 eq./yr or 2.65 tonnes CO 2 e/ha. The main contributors are the dairy and beef cattle, causing 45% and 39% of the impact, respectively. Crop cultivation adds a further 10% and sheep rearing 6%. The pigs herd, which is relatively small in size, contributes less than 1% to the total GWP.
The impact from the individual crops also ranges widely, with the maximum values being between 1.8 and three times higher (rye and beans, respectively) than the minimum over the rotation period. The highest average GWP is found for beans (692 g CO 2 e/kg) and the lowest for rye (157 g CO 2 e/kg). The average impact over the rotation cycle from barley, oats and wheat is estimated at 350, 369 and 232 g CO 2 e/kg, respectively. By comparison, silage and straw have a relatively low GWP (166 and 128 g CO 2 e/kg). The major hotspots for the crops are N 2 O emissions from manure application and CO 2 emissions from diesel used in the farm machinery.
Similar to the crops, there is a wide annual variation in the GHG emissions associated with the livestock and the related products. The GWP of sheep rearing ranges from 5.3-7.9 kg CO 2 e/kg liveweight, averaging 6.3 kg CO 2 e over the rotation cycle. Per kg of lamb meat (carcass), the emissions vary from 12-17.8 kg CO 2 e, with an overall average of 14.2 kg CO 2 e. The average GWP of wool is estimated at 24.6 kg CO 2 e/kg. The impact from beef cows is in the range of 8.6-10.3 kg CO 2 e/kg liveweight, with the average value of 9.7 kg CO 2 e. The consequent CO 2 e emissions associated with beef vary from 15.8-18.9 kg per kg of carcass meat, averaging 17.7 kg CO 2 e/kg. For pigs, the impact varies from 3.9 to 6 kg CO 2 e/kg liveweight and for pig meat from 5.6-8.5 kg CO 2 e/kg (average of 6.7 kg CO 2 e/kg).
Methane emissions from enteric fermentation and excreta deposition on land are the main contributors to the GWP of beef cattle and sheep, while the feed concentrate is responsible for the impact from pigs. Methane emissions are also the main cause of GWP for milk, which ranges from 1.02-1.21 kg CO 2 e/l, with an overall average of 1.13 kg CO 2 e/l.
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The sensitivity analysis shows that the results are affected by assumptions for allocation of N and the related N 2 O emissions over the rotation cycle. If all N and the N 2 O emissions from slurry manure, cover crops and crop residue are allocated on the basis of crop N requirements, the GWP of oats, barley and beans decreases by 10% (oats) to 50% (beans) compared to the base case (where N is allocated over seven years based on the N mineralisation rate). This in turn increases the impact from wheat, silage and rye by up to 13%. If N is allocated to year 1 in the rotation cycle instead, the average GWP of silage is higher by 8%, while the impact of all other crops is lower by 5%-10%, with the greatest reduction relative to the base case found for the crops planted later in the rotation cycle. The allocation of N also affects the impact from the livestock and their products, with the pattern similar to that of silage, largely because of its use as feed.
The results of the sensitivity analysis also suggest that the allocation method for the crop co-products (grain and straw) has a considerable effect on the GWP of wheat, oats, barley, rye and straw. The impact from these crops reduces by up to 30% if mass allocation is applied instead of the biophysical basis used in the base case. Conversely, the GWP of straw increases by 60%. On the other hand, in the case of economic allocation, the GWP of straw is 23% lower, while the impact of wheat, oats, barley and rye is 8%-17% higher relative to the base case. Similarly, the choice of the allocation method has a significant effect on the GWP of lamb, wool and milk. If mass or economic allocation is applied, the GWP of wool is reduced by up to 93% and the impact of milk and lamb increases by up to 24% compared to the base case.
Therefore, these results highlight the importance of considering integrated farms, such as the one studied here, as whole systems, taking into account a full rotation cycle. This ensures not only that the estimates of environmental impacts are more representative of the complex interconnections between different subsystems within a farm, but also helps identify the benefits of improvement opportunities at a systems level, in congruence with the principles of integrated organic farming.
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